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Bovine herpesvirus-1 (BHV-1) VP8 is found in the nucleus immediately after infection. Transient expression of VP8 fused to yellow
fluorescent protein (YFP) in COS-7 cells confirmed the nuclear localization of VP8 in the absence of other viral proteins. VP8 has four
putative nuclear localization signals (NLS). Deletion of pat4 (51RRPR54) or pat7 (48PRVRRPR54) NLS2 abrogated nuclear accumulation,
whereas deletion of 48PRV50 did not, so pat4 NLS2 is critical for nuclear localization of VP8. Furthermore, NLS1 (11RRPRR15), pat4 NLS2,
and pat7 NLS2 were all capable of transporting the majority of YFP to the nucleus. Finally, a 12-amino-acid peptide with the sequence
RRPRRPRVRRPR directed all of YFP into the nucleus, suggesting that reiteration of the RRPR motif makes the nuclear localization more
efficient. Heterokaryon assays demonstrated that VP8 is also capable of shuttling between the nucleus and cytoplasm of the cell. Deletion
mutant analysis revealed that this property is attributed to a leucine-rich nuclear export sequence (NES) consisting of amino acids
485LSAYLTLFVAL495. This leucine-rich NES caused transport of YFP to the cytoplasm. These results demonstrate that VP8 shuttles
between the nucleus and cytoplasm.
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Bovine herpesvirus-1 (BHV-1) is a typical alphaherpesvi-
rus (Mayfield et al., 1983) and an important pathogen of
cattle, associated with a variety of clinical syndromes includ-
ing rhinotracheitis, vulvovaginitis, abortions, conjunctivitis,
encephalitis, and generalized systemic infections (Yates,
1982). BHV-1 VP8 is a major component of the tegument,
the region between the envelope and capsid of the virus
particle. Like its homolog, herpes simplex virus-1 (HSV-1)
VP13/14 (Carpenter and Misra, 1991; LaBoissiere et al.,
1992; Meredith et al., 1991), VP8 is phosphorylated (Car-
penter and Misra, 1991) and it contains O-linked carbohy-
drates (van Drunen Littel-van den Hurk et al., 1995).
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(S. van Drunen Littel-van den Hurk).(van Drunen Littel-van den Hurk et al., 1995), as is VP13/14
(Donnelly and Elliott, 2001). Later during infection, de novo
synthesized VP8 is observed in the cytoplasm, but most of the
protein is present in the nucleus in dense inclusions and
surrounding nucleocapsids. This tegument protein can also
induce humoral and cellular immune responses (van Drunen
Littel-van den Hurk et al., 1995).
Nucleocytoplasmic trafficking of cellular molecules
occurs by both passive diffusion and signal-mediated pro-
cesses through the nuclear pore complex, yet for all large
intracellular macromolecules (>40–60 kDa), an energy- and
signal-dependent mechanism is required (Gorlich and Mat-
taj, 1996a). Although it may be possible that a protein
without its own nuclear localization signal (NLS) enters
the nucleus via co-transport with a protein that has a NLS,
many nuclear proteins have their own NLS. Presently, NLSs
are classified into four categories, two of which are predom-
inantly basic in nature (Gorlich and Mattaj, 1996a; Hicks
and Raikhel, 1995; Jans et al., 1998; Nigg, 1997; Robbins et
al., 1991). The classical type of NLS, first defined for
proteins such as simian virus 40 (SV40) large T antigen,
Fig. 1. Expression of VP8, VP8-YFP, and YFP by transient transfection of
COS-7 cells. Lysates of COS-7 cells transfected with pMASIA-VP8, pVP8-
YFP, or pEYFP-N1 were separated by SDS-PAGE on an 8.5% gel,
transferred to nitrocellulose, and probed with VP8-specific monoclonal
antibody and YFP-specific polyclonal rabbit antibody. The positions of
VP8 (97 kDa), VP8-YFP (125 kDa), and YFP (28 kDa) are indicated in the
right margin. Molecular weight markers are indicated in the left margin.
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type is the bipartite NLS, consisting of two stretches of basic
amino acids separated by a spacer of 10–12 amino acids and
typified by Xenopus phosphoprotein nucleoplasmin. The
third category of NLS consists of charged/polar residues
interspersed with nonpolar residues, as reported for yeast
homeodomain containing protein MATa2. In contrast to the
classical NLSs, the nuclear import signals for several viral
proteins, including HIV-1 Rev (Hammerschmid et al., 1994)
and Tat (Hauber et al., 1989; Siomi et al., 1990), HTLV-1
Rex (Siomi et al., 1988) and HSV-1 VP13/14 (Donnelly and
Elliott, 2001) consist of arginine-rich domains.
In order for a protein to shuttle between the nucleus and
cytoplasm, it requires both a NLS and a nuclear export
signal (NES). Again, three types of NES have been identi-
fied, the approximately 10-amino-acid leucine-rich NES
initially identified in protein kinase inhibitor (PKI) and
HIV-1 Rev, the M9 sequence of hnRNP A1, and a 24-
amino-acid stretch found in hnRNP K (Nakielny and
Dreyfuss, 1997). An increasing number of viral proteins,
including HIV-1 Rev (Kalland et al., 1994; Meyer and
Malim, 1994; Meyer et al., 1996), HTLV-1 Rex (Bogerd
et al., 1996), influenza virus NS1 (Li et al., 1998), HSV-1
ICP27 (IE63) (Mears and Rice, 1998; Phelan and Clements,
1997; Soliman et al., 1997) and g134.5 (Cheng et al., 2002),
and Epstein–Barr virus (EBV) SM (Boyle et al., 1999;
Chen et al., 2001), have been found to contain a leucine-rich
NES sequence enabling the protein to shuttle between the
nucleus and cytoplasm.
The availability of the green fluorescent protein (GFP)
from Aequorea victoria has revolutionized in vivo studies of
dynamic processes (Ferrigno and Silver, 1999). GFP is
detectable in individual cells without the use of exogenous
agents and the localization of GFP (28 kDa) is nonrestricted,
in that it is freely distributed in the cell cytoplasm as well as
the nucleus. Since the first use of GFP to study a dynamic
process in yeast (Kahana et al., 1995), GFP fusions have
been frequently used to characterize nuclear transport or
proteins for which the location in the nucleus has implica-
tions for their function (Ferrigno and Silver, 1999).
In this study, the subcellular localization of VP8 was
investigated using the GFP variant, yellow fluorescent
protein (YFP), as a reporter. The UL47 gene contains a
2226-bp open reading frame (ORF), which encodes a 742-
amino-acid protein, VP8 (Carpenter and Misra, 1991; LaB-
oissiere et al., 1992). Sequence analysis predicts that VP8
has four nuclear localization motifs (Hicks and Raikhel,
1995; Jans et al., 1998) and three nuclear export motifs
(Nakielny and Dreyfuss, 1997). To confirm the nuclear
localization of VP8 in the absence of other viral proteins,
the VP8 ORF was cloned into the GFP variant mammalian
expression vector pEYFP-N1, and the cellular localization
of VP8-YFP was evaluated in live cells. A functional NLS
and NES were identified by deletion mutant analysis, which
indicates that VP8 is a virus-encoded nucleocytoplasmic
shuttle protein.Results
Nuclear localization of VP8 and VP8-YFP
We previously showed that VP8 accumulates in the
nucleus of BHV-1 infected cells. To confirm the nuclear
localization of VP8 in the absence of other viral proteins, the
UL47 gene was cloned into the eukaryotic expression vector
pMASIA (Krieg et al., 1998) and the GFP variant mamma-
lian expression vector pEYFP-N1. Because VP8 is a rather
large protein, we chose this vector such that the UL47 gene
is fused in-frame to the N-terminus of the YFP gene, which
maximizes the chance that VP8 is correctly expressed and
folded. Sequencing of the recombinant plasmid pVP8-YFP
showed that there were five silent mutations in the UL47
gene compared to the reported gene sequence of VP8 from
BHV-1 strain P8-2 (Carpenter and Misra, 1991). Western
blotting of COS-7 cells transfected with pMASIA-VP8 and
pVP8-YFP demonstrated that BHV-1 VP8 had an apparent
molecular weight of 97 kDa as expected (van Drunen Littel-
van den Hurk et al., 1995), whereas the VP8-YFP had an
apparent molecular weight of 125 kDa, which corresponds
to the combined apparent molecular weights of VP8 and
YFP (Fig. 1). To study the cellular localization of VP8-YFP,
COS-7 cells were transfected with either pEYFP-N1 or
pVP8-YFP and examined live by fluorescence microscopy
(Fig. 2). As expected, fluorescence was observed throughout
both the cytoplasm and the nucleus in the pEYFP-N1-
transfected cells (Fig. 2A). However, fluorescence was
localized entirely within the nuclei of VP8-YFP-transfected
cells (Figs. 2B–F). In the majority of the nuclei of the
pVP8-YFP-transfected cells, VP8-YFP appeared diffuse and
Table 1
Percentages of nuclei displaying different distribution patterns of VP8-YFP
and VP8
Nuclear distribution patternsa VP8-YFP VP8
24 h 48 h 24 h 48 h
Diffuse (evenly distributed) 42 40 43 39
Diffuse (excluded from nucleoli) 6 8 7 9
Diffuse (accumulated in nucleoli) 25 27 27 27
Large punctuate domains 10 7 8 9
Small and multiple speckles 17 18 15 16
a Percentage of nuclei displaying different distribution patterns in COS-7
cells transfected with pVP8-YFP or pMASIA-VP8. Approximately 50 cells
were counted for each time point and transfection condition. VP8 in
pMASIA-VP8 transfected cells was visualized with monoclonal antibody
1G4-2F6. (van Drunen Littel-van den Hurk et al., 1984).
Fig. 2. Nuclear localization patterns of VP8-YFP expressed by transient
transfection. COS-7 cells were transfected with plasmids expressing either
YFP (A) or VP8-YFP (B–F). The cells were examined live by fluorescent
microscopy 24 h after transfection.
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nucleoli (Fig. 2C), or accumulated in the nucleoli (Fig. 2D).
In other nuclei, VP8-YFP was concentrated in either large
punctate domains (Fig. 2E) or multiple domains that resem-
ble nuclear speckles (Mintz et al., 1999; Spector, 1996) (Fig.
2F). The percentages of nuclei displaying the respective
patterns of nuclear distribution are shown in Table 1. To
confirm these observations for VP8, COS-7 cells were
transfected with pMASIA-VP8 and stained with VP8-spe-
cific monoclonal antibody at different time points after
transfection. Observation of the nuclei demonstrated that
VP8 and VP8-YFP had very similar distribution patterns
(Table 1).
Identification of a NLS responsible for nuclear localization
Sequence analysis using PSORT II (http://www.psort.
nibb.ac.jp) predicts that VP8 has four nuclear localization
motifs (Hicks and Raikhel, 1995; Jans et al., 1998), NLS1
at amino acids 11–15 (RRPRR), NLS2 at amino acids
48–54 (PRVRRPR, pattern7), NLS3 at amino acids 168–174 (PAQRARR, pat7), and NLS4 at amino acids 681–
687 (PLAGKRR, pat7). NLS1 includes two overlapping
pat4 NLSs, namely, 11RRPR14 and 12RPRR15, and NLS2
contains another pat4 51RRPR54 NLS. To determine
whether any or all of these nuclear localization motifs
are functional, four deletions were made within the VP8-
YFP fusion protein, resulting in plasmids that express
proteins lacking the respective NLSs (Fig. 3A). COS-7
cells were transfected with these constructs, and the
distribution of the VP8-YFP mutant proteins was examined
24 h after transfection in live cells (Fig. 3B). Deletion of
regions containing NLS1 (D9–15), NLS3 (D100–185), or
NLS4 (D665–742) had no effect on the nuclear targeting
of VP8-YFP (Fig. 3B). In contrast, VP8-YFP-D16–100
was not targeted to the nucleus, but instead accumulated
within the cytoplasm, so removal of a region containing
NLS2 from VP8-YFP abrogated the nuclear accumulation
of the VP8-YFP fusion protein (Fig. 3B). When COS-7
cells were transfected with pMASIA-VP8-D16–100, VP8-
D16–100 had the same subcellular localization pattern as
VP8-YFP-D16–100 (Fig. 3B). Furthermore, deletion of
either residues 51–54 or 48–54 of NLS2 in pVP8-YFP
also resulted in cytoplasmic localization, whereas deletion
of residues 48–50 did not have any effect on the nuclear
localization of VP8-YFP (Fig. 3B). This suggests that
NLS2, but not NLS1, NLS3 or NLS4, is essential for
nuclear localization of VP8, and that the critical sequence
responsible for nuclear localization of VP8 is RRPR at
residues 51–54.
Nuclear localization of YFP by NLS1 and NLS2
Deletion mutant analysis suggested that pat4 NLS2 is
indispensable for nuclear localization of VP8. To confirm
that, indeed, 51RRPR54 functions as a NLS for VP8, we
determined the ability of pat4 NLS2, as well as the other
putative NLSs, to transport YFP to the nucleus. First, two
plasmids encoding YFP fused to amino acids 1–100
(pEYFP-NLS1+2+), or amino acids 1–188 (pEYFP-
NLS1+2+3+) of VP8 were constructed (Fig. 4A). Subse-
quently, COS-7 cells were transfected with pEYFP-C1,
Fig. 3. Cellular localization of VP8 deletion mutants. (A) Schematic diagram of the full-length VP8-YFP fusion protein and the deletion mutants lacking
NLS1 (D9–15), NLS2 (D16–100, D48–54, D48–50 or D51–54), NLS3 (D100–185), or NLS4 (D665–742) of the VP8 ORF. The diagram of pMASIA-
VP8-D16–100 is also shown. The putative NLS sequences are shown as solid boxes. (B) COS-7 cells were transfected with pVP8-YFP-D9–15, pVP8-YFP-
D16–100, pVP8-YFP-D48–54, pVP8-YFP-D51–54, pVP8-YFP-D48–50, pVP8-YFP-D100–185, or pVP8-YFP-D665–742 and examined live by
fluorescent microscopy 24 h after transfection. For analysis of the VP8 deletion mutant, COS-7 cells were transfected with pMASIA-YFP-D16–100 and
stained 24 h after transfection with a VP8-specific monoclonal antibody 1G4-2F6, followed by FITC-conjugated goat anti-mouse IgG.
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bution of YFP was examined 24 h post transfection in live
cells (Fig. 4B). Fusion of YFP to residues 1–188, including
NLS1, NLS2, and NLS3 sequences, or 1 to 100, including
NLS1 and NLS2 sequences, resulted in efficient transloca-
tion of YFP to the nucleus (Fig. 4B, NLS1+2+3+ and
NLS1+2+), confirming that residues 1–100 of VP8 contain
a functional NLS. Interestingly, only NLS1+2+3+ was
capable of targeting the YFP to punctate nuclear domains,implying that the sequences involved in this type of intra-
nuclear targeting may be present within residues 100–188
of VP8. To determine the minimal sequence needed for
nuclear targeting of YFP, plasmids encoding YFP fused to
seven different peptides derived from VP8 were con-
structed (Fig. 4A) and tested in COS-7 cells. As expected
from the deletion mutant analysis, the NLS3 and NLS4
sequences did not direct YFP to the nucleus (Fig. 4B). In
contrast, YFP fused to NLS1 (RRPRR), pat4 NLS2
Fig. 4. Nuclear targeting of YFP by putative VP8 NLSs. (A) Schematic diagram of the YFP fusion constructs used to identify the VP8 NLS. The names of the
constructs are shown on the right, and the VP8 residues fused to YFP are marked. (B) COS-7 cells were transfected with plasmids encoding the fusion proteins
diagrammed in panel A and examined live 24 h after transfection.
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dominantly, though not entirely, to the nucleus. The place-
ment of the NLS with regards to YFP had no effect because
pat7 NLS2 fused to the N-terminus of YFP (pat7 NLS-N)
was also primarily localized to the nucleus. Because the
nuclear localization ability of the SV40 large T antigen NLS
was significantly enhanced by reiteration of the signal with a
spacer in between signals (Fischer-Fantuzzi and Vesco,
1988), we fused YFP to NLS1+pat7NLS2 or pat7NLS2+
NLS3. This demonstrated that NLS1+pat7NLS2, but not
NLS2+NLS3, directed all of the YFP protein into the
nucleus. To confirm these observations, we separated nuclear
and cytoplasmic fractions of COS-7 cells transfected withplasmid expressing YFP or YFP fused to the respective
nuclear localization signals. As shown in Fig. 5, YFP-
NLS1+pat7NLS2 was entirely localized in the nucleus,
whereas YFP-NLS1, YFP-pat7NLS2, and pat7NLS2+NLS3
were primarily present in the nuclear fraction and YFP-NLS3
and YFP-NLS4 were found both in the nuclear and cyto-
plasmic fractions.
Collectively, these results indicate that the minimum
required sequence capable of directing the majority of a
heterologous protein into the nucleus is RRPR and that a 12-
residue peptide, RRPRRPRVRRPR, which contains two
RRPR motifs, directs all of the heterologous protein to the
nucleus. This supports the contention that reiteration of the
Fig. 5. Analysis of distribution of YFP in nuclear and cytoplasmic fractions
of transfected COS-7 cells. COS-7 cells were transfected with plasmids
encoding YFP-NLS1, YFP-pat7NLS2, YFP-NLS3, YFP-NLS4, YFP-
NLS1+pat7NLS2, YFP-pat7NLS2+NLS3, YFP-NES1, YFP-NES2, YFP-
NES3, or YFP. After 24 h, the transfected COS-7 cells were lyzed with NP-
40 lysis buffer to disrupt the cell membrane. The cell lysates were
centrifuged to separate cytoplasmic and nuclear fractions, and then
separated by SDS-PAGE on an 8.5% gel, transferred to nitrocellulose,
and probed with YFP-specific polyclonal rabbit antibody. N means nuclear
fraction, C means cytoplasmic fraction.
Fig. 6. Nuclear shuttling of VP8. (A) DAPI staining of mouse (NIH 3T3)
and monkey (COS-7) cell nuclei. (B) Heterokaryon assays were carried out
between mouse NIH 3T3 cells and monkey COS-7 cells transfected with
pVP8-YFP or pMASIA-VP8. The cells were fixed and stained with DAPI
and with VP8-specific monoclonal antibody 1G4-1F6 (van Drunen Littel-
van den Hurk et al., 1984), followed by FITC-conjugated rabbit anti-
mouse IgG. Mouse cells were identified by their speckled nuclei when
stained with DAPI (arrows). (C) Heterokaryon assays were carried out
between mouse NIH 3T3 cells and monkey COS-7 cells transfected with
pYFP. The cells were fixed and stained with DAPI and with YFP-specific
rabbit antibody, followed by FITC-conjugated rabbit anti-mouse IgG.
Mouse cells were identified by their speckled nuclei when stained with
DAPI (arrows).
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gous protein more efficient.
Nucleo-cytoplasmic shuttling of VP8
Because VP8 has also been found in the cytoplasm of
virus-infected cells (van Drunen Littel-van den Hurk et al.,
1995), the possibility that VP8 exhibits nuclear shuttling
properties was investigated with an interspecies heterokary-
on assay, in which pVP8-YFP-transfected COS-7 cells are
fused to an equivalent number of murine NIH 3T3 cells in
the presence of the protein synthesis inhibitor cyclohexi-
mide. To differentiate mouse and monkey nuclei, the cells
were stained with DAPI at the end of the assay (Fig. 6A).
DAPI allows differentiation between monkey (COS-7) and
mouse (3T3) nuclei because monkey cells stain diffusely
throughout the nuclei, whereas mouse nuclei stain with a
distinctive speckle pattern. Fusion of mouse cells to VP8-
YFP-expressing cells resulted in the presence of VP8-YFP
in the non-expressing mouse nuclei, as detected by immu-
nofluorescence with a VP8-specific monoclonal antibody
(Fig. 6B and Table 2). Similarly, VP8 was transported from
VP8-expressing COS7 cells to mouse NIH 3T3 cells (Fig.
6B and Table 2). However, when we performed a hetero-karyon assay with YFP-expressing COS-7 cells and 3T3
cells, the YFP protein did not shuttle from the monkey cells
to the mouse nucleus (Fig. 6C) within the 1-h time frame
between fusion and fixation, which is as expected from a
slowly diffusing 29-kDa protein (Gorlich and Mattaj,
1996b; Wei et al., 2003).
Identification of a functional NES in VP8
Nuclear export signals consist of largely hydrophobic,
leucine-rich sequences (Nakielny and Dreyfuss, 1997). The
Table 2
Heterokaryon assay cell counts
Vectors used for transfectiona No. of mouse nuclei
+b c
pVP8-YFP 47 3
pMASIA-VP8 48 2
pVP8-YFP-D419–544 5 45
pMASIA-VP8-D419–544 6 44
pVP8-YFP-D590–644 47 3
pVP8-YFP-D665–742 46 4
a COS-7 cells were transiently transfected with the various expression
vectors, and 48 h later a heterokaryon assay was carried out with NIH 3T3
cells.
b Mouse nuclei were considered positive if they were present in fused
heterokaryons of COS7 cells expressing VP8-YFP, VP8 or mutant proteins
and monkey 3T3 cells, and contained detectable levels of the expressed
protein.
c Mouse nuclei were considered negative if they were present in fused
heterokaryons of COS7 cells expressing VP8-YF, VP8 or mutant proteins
and monkey 3T3 cells, and did not contain detectable levels of the
expressed protein.
Fig. 7. Nuclear shuttling of VP8 deletion mutants. (A) Schematic diagram
of the full-length VP8-YFP fusion protein and the deletion mutants lacking
NES1 (D419–544), NES2 (D590–644), or NES3 (D644–665) of the VP8
ORF. The potential NES sequences are shown as solid boxes. (B)
Heterokaryon assays were carried out between mouse NIH 3T3 cells and
monkey COS-7 cells expressing VP8-YFP-D419–544, VP8-YFP-D590–
644, or VP8-YFP-D644–742. The cells were fixed and stained with DAPI
and with VP8-specific mAb 1G4-1F6 (van Drunen Littel-van den Hurk et
al., 1984), followed by FITC-conjugated rabbit anti-mouse IgG. Mouse
cells were identified by their speckled nuclei when stained with DAPI
(arrows).
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might represent a NES, particularly amino acids 485–495
(LSAYLTLFVAL) and 600–609 (LGVGLIAQRL) and
possibly 645–658 (LADAALPLVRPVSL). These regions
were designated NES1, NES2, and NES3, respectively. To
identify which of these sequence(s) function as a NES, a
series of deletion mutants were generated (Fig. 7A). The
cellular localization of the VP8-YFPDNES proteins was
then analyzed using the heterokaryon assay. Before fusion
of pVP8-YFP-DNES-transfected COS-7 cells to 3T3 cells,
we examined the cells live for fluorescence and found that
the deletions did not affect the nuclear localization of VP8
(data not shown). However, VP8-YFP-D419–544 lost the
nuclear shuttling function, as there was no VP8-YFP in the
mouse cell nuclei (Fig. 7B and Table 2). In contrast, when
COS-7 cells were transfected with pVP8-YFP-D590–644
or pVP8-YFP-D644–665 and fused with NIH 3T3 cells,
VP8-YFP was present in non-expressing mouse nuclei
(Fig. 7B and Table 2), so deletion of regions containing
NES2 or NES3 had no effect on the nuclear shuttling
property of VP8. To ascertain that deletion of the region
containing NES1 also abrogated nuclear export of VP8, the
heterokaryon assay was carried out with pMASIA-VP8-
D419–544, which demonstrated that VP8-D419–544 also
loses the nuclear shuttling ability (Table 2). These results
suggest that VP8 is capable of nuclear shuttling, and that
NES1 is the nuclear export motif. To confirm that NES1 is
functional, plasmids encoding YFP fused to the putative
NES sequences were constructed (Fig. 8A), and the
cellular localization of YFP in COS-7 cells transfected
with these plasmids was determined in live cells. Fig. 8B
demonstrates that NES1 directs all of the YFP to the
cytoplasm, whereas neither NES2 nor NES3 has that
capability. This was confirmed by separation of COS-7
cells transfected with plasmids encoding YFP or YFP
fused to the respective NES sequences into nuclear andcellular fractions. Again, YFP-NES1 was entirely cytoplas-
mic, whereas the YFP, YFP-NES2, and YFP-NES3 were
distributed throughout the cells (Fig. 5).Discussion
Herpes viruses consist of four concentric compartments,
the DNA core, the capsid, the tegument, and the envelope.
Of these compartments, the tegument is the least understood
with respect to its functional properties. However, tegument
proteins must play an important role at several stages during
virus infection because they are the first to encounter and
interact with the intracellular environment and at a later
Fig. 8. Nuclear export of YFP by putative VP8 NESs. (A) Schematic
diagram of the YFP fusion constructs used to identify the VP8 NES. The
names of the constructs are shown on the right, and the VP8 residues fused to
YFP are marked. (B) COS-7 cells were transfected with plasmids encoding
YFP-NES1, YFP-NES2, or YFP-NES3, and examined live 24 h after
transfection.
C. Zheng et al. / Virology 324 (2004) 327–339334stage they must associate to create the tegument of new
virions. Although VP8 is the most abundant tegument
protein of BHV-1 (Carpenter and Misra, 1991; LaBoissiere
et al., 1992; van Drunen Littel-van den Hurk et al., 1995),
the exact role of VP8 in virus infection is still unclear. Here,
we have investigated the cellular localization of VP8 by
transient expression of VP8 and a VP8-YFP fusion protein
and shown that VP8 shuttles between the nucleus and
cytoplasm.
The nuclear localization of VP8 during virus infection
(van Drunen Littel-van den Hurk et al., 1995) was repro-
duced during transfection. Interestingly, like VP13/14 (Don-
nelly and Elliott, 2001), VP8 was capable of targeting to
multiple punctate speckles within the nuclei of 23–27% of
the transfected cells. This pattern was displayed only by the
full-length protein and the N-terminal 188 residues in our
studies, and not by any of the other YFP-NLS constructs,
suggesting that the signal or motif for targeting to these
speckles is present between residues 100 and 188. Several
nuclear compartments exhibiting punctate appearance have
been identified. One type of cellular speckled compartment
is involved in storage of splicing factors (Mintz et al., 1999;Spector, 1996). Herpes virus proteins have been shown to
interact with spliceosome-associated proteins (SAPs).
ICP27 inhibits splicing of cellular pre-mRNAs and redis-
tributes splicing factors by interaction with SAP145, and
thereby may facilitate nuclear export of transcripts from
viral intronless genes, which may contain cryptic splice sites
(Bryant et al., 2001; Phelan and Clements, 1997). Similarly,
herpes virus saimiri (HVS) ORF 57 redistributes the SC-35
and snRNP U2 components in the spliceosome complex as a
way of regulating expression of intron-containing genes
(Cooper et al., 1999). Several herpes virus proteins, includ-
ing HSV-1 ICP0 (IE110) (Maul et al., 1996; Mullen et al.,
1994; Mullen et al., 1995), human cytomegalovirus
(HCMV) IE1, IE2 (Ahn and Hayward, 1997) and tegument
protein pp71 (Marshall et al., 2002), and EBNA-5 of EBV
(Szekely et al., 1996), have been shown to concentrate in
another speckled punctate domain in the nucleus known as
nuclear dot domain (ND10) or PML oncogenic domain
(POD). Like VP8, the N-terminus of ICP0 contains a
domain that mediates the localization to the distinctive
spherical punctate structures in the nucleus (Mullen et al.,
1994). The ND10 punctate domains are distinct from the
spliceosome complexes and may represent transcriptional
domains (Xie et al., 1993). A further characterization of
VP8 will be required to elucidate the significance of this
type of localization.
Although there is no classical NLS region in VP8, there
are four stretches of arginine-rich residues, which might
have a nuclear localization function and thus were termed
NLS1, NLS2, NLS3, and NLS4. Deletion mutant analysis
revealed that the nuclear targeting property is located within
the first 100 N-terminal residues of VP8. In this region,
there are two clusters of arginine residues, and each of them
could possibly function as a NLS by it self, because they
both have the pat4 NLS RRPR. Deletion of a region
containing NLS1 (D9–15), however, had no effect on the
nuclear targeting ability of VP8, whereas deletion of a
region containing NLS2 (D16–100) or short deletions of
NLS2 (D51–54 or D48–54) resulted in the presence of YFP
in cytoplasm. These results demonstrate that pat4 NLS2 is
critical for nuclear transport of VP8. This suggests that
NLS1 and NLS2 are presented differently when expressed
in the full-length protein and that the location of an NLS in
the protein is critical for its function.
Nuclear localization sequences may be very useful to
target heterologous molecules, such as proteins or nucleic
acids, into the nucleus. Because NLS2 is critical for nuclear
localization of VP8, we tested whether this NLS can be used
to move a heterologous protein to the nucleus. Although
NLS2 appeared to being incapable of moving all of the YFP
into the nucleus, a 12-amino-acid peptide containing two
copies of the RRPR motif efficiently localized all of the
YFP to the nucleus. These observations agree with a
previous report, which demonstrated that nuclear localiza-
tion by the SV40 large T antigen NLS could be substantially
improved with reiteration of the signal. In fact, three repeats
Fig. 9. Alignment of NES1 of VP8 with the known NES sequences from
HTLV-1 Rex (Bogerd et al., 1996), HIV-1 Rev (Mears and Rice, 1998), PKI
(Wen et al., 1995), influenza virus NS1 (Li et al., 1998), EBV SM (Boyle et
al., 1999), HSV-1 ICP27 (Mears and Rice, 1998), and g134.5 (Chen et al.,
2001). Leucine residues are bold-faced.
C. Zheng et al. / Virology 324 (2004) 327–339 335of the SV40 signal were necessary and sufficient to obtain a
nuclear accumulation comparable to that of wild-type SV40
large T antigen (Fischer-Fantuzzi and Vesco, 1988).
The arginine-rich character of the NLS sequences of VP8
suggests that they are not related to a classical mono- or
bipartite NLS, but homologous to those from HIV Rev and
Tat (Hammerschmid et al., 1994; Hauber et al., 1989; Siomi
et al., 1990), HTLV Rex (Siomi et al., 1988), and HSV-1
VP13/14 (Donnelly and Elliott, 2001). The classical NLS is
recognized by the importin-a subunit, originally called
‘‘NLS receptor,’’ and the importin-h subunit interacts with
the cytoplasmic surface of the nuclear pore complex (NPC)
(Bayliss et al., 2000; Stoffler et al., 1999). Arginine-rich
NLSs, however, directly interact with importin h, without
requiring importin a (Palmeri and Malim, 1999; Truant and
Cullen, 1999). Thus, as VP8 is a major component of the
BHV-1 tegument, it could possibly bind to importin h and
function in translocation of the capsid–tegument complex to
the nucleus immediately after infection.
In addition to the similarity between the NLS of VP8 and
that of HIV-1 Rev, a known nuclear shuttling protein
(Richard et al., 1994), several leucine-rich regions toward
the C-terminus of VP8 are similar to the NES of Rev (Meyer
and Malim, 1994). This suggested that VP8 might have
nuclear export activity. Indeed, we demonstrated that VP8
contains an NES that is required for VP8 to shuttle between
the nucleus and the cytoplasm. This NES also enabled the
rapid nuclear export of a heterologous protein. These obser-
vations suggest that VP8 is a virus-encoded nucleo-cytoplas-
mic shuttle protein, as are influenza virus NS1 (Li et al.,
1998), HIV-1 Rev (Kalland et al., 1994; Meyer and Malim,
1994; Meyer et al., 1996; Richard et al., 1994), HTLV-1 Rex
(Bogerd et al., 1996), HSV-1 ICP27 (Mears and Rice, 1998;
Phelan and Clements, 1997; Soliman et al., 1997), and g134.5
(Cheng et al., 2002), and EBV SM (Boyle et al., 1999; Chen
et al., 2001). All of these proteins contain leucine-rich NESs
with some homology (Fig. 9). Interestingly, the highest level
of homology was found between the NESs of VP8 and HSV-
1 ICP27 and g134.5. Although the NES of HSV-1 VP13/14
has not been confirmed, there also is a high level of
homology between NES1 of VP8 and the putative NES3 of
VP13/14 (Donnelly and Elliott, 2001).
Several shuttle proteins play a role in nuclear export of
viral transcripts. Probably the best characterized of these
proteins is HIV-1 Rev, which promotes the export of intron-
containing mRNAs through the binding of the Rev protein
to the Rev response elements contained within the introns of
these mRNAs (Fischer et al., 1994). HSV-1 ICP27 selec-
tively binds intronless RNAs, and export of these intronless
RNAs is greatly reduced during ICP27 mutant virus infec-
tions, suggesting that ICP27 mediates the export of intron-
less RNAs (Sandri-Goldin, 1998; Soliman et al., 1997).
Moreover, HVS ORF57 has the ability to specifically bind
viral RNA transcripts and shuttle between the nucleus and
cytoplasm. Mutation of the conserved leucine residues
contained within the ORF57 NES signal abrogates theshuttling ability of the ORF57 protein. This suggests that
ORF57 is involved in mediating the nuclear export of viral
transcripts (Goodwin et al., 1999). To our knowledge, our
study demonstrates for the first time a functional NES in a
herpes virus tegument protein. Whether VP8 plays a role in
nuclear export of viral transcripts, as most of the nucleo-
cytoplasmic shuttle proteins do, remains to be elucidated.
In summary, we demonstrated that VP8 has nuclear
shuttling properties, and we identified an N-terminal argi-
nine-rich NLS and a C-terminal leucine-rich NES responsi-
ble for these properties. Interestingly, the NLS appears to be
stronger than the NES, as most of VP8 was found in the
nucleus in virus-infected cells (van Drunen Littel-van den
Hurk et al., 1995), as well as in transfected cells. A
functional characterization of VP8 will be required to
elucidate why VP8 has shuttling properties and which roles
the NLS and NES play in these functions.Materials and methods
Cells and viruses
Madin Darby bovine kidney (MDBK) cells were grown
in minimal essential medium (MEM; Gibco-BRL, Burling-
ton, ON, Canada) supplemented with 10% fetal bovine
serum (FBS; Gibco-BRL). COS-7 cells and NIH 3T3 cells
were grown in Dulbecco’s modified MEM (DMEM, Gibco-
BRL) supplemented with 10% FBS. The BHV-1 strain P8-2
(Carpenter and Misra, 1991) was used for infections and
viral genomic DNA purification.
Plasmids expressing VP8 and VP8-YFP
All enzymes used for cloning procedures were purchased
from Amersham Pharmacia Biotech (Baie d’Urfe, PQ,
Canada). The UL47 open reading frame (ORF) (Mayfield
C. Zheng et al. / Virology 324 (2004) 327–339336et al., 1983), including the start methionine, was amplified
by PCR using Deep Vent DNA Polymerase (New England
Biolabs Ltd, Mississauga, Ontario) from BHV-1 genomic
DNA using primers which contained BglII and BamHI sites
(forward primer, 5VGCG AGA TCT ATG GAC GCC GCT
AGG GAT GG 3V; reverse primer, 5VCGC GGATCC CGG
CCG CCC AGG CGC GGG 3V). The product was digested
with BglII and BamHI and inserted into pEYFP-N1 (Clon-
tech, BD Biosciences, Palo Alto, CA), cut with BglII and
BamHI, to create pVP8-YFP. The series of plasmids
expressing VP8-YFP with mutated NLS and NES sequences
were made as follows. To create plasmid pVP8-YFP-D9–
15, deleted in codons 9–15 of VP8, a NdeI and EcoRI
fragment encoding the N-terminal region of VP8 was cut
from pVP8-YFP and inserted into plasmid pIC20R (Marsh
et al., 1984). The resulting plasmid pIC20R-tVP8 was then
digested with Bpu10I and AccIII and ligated with a linker
composed of annealed nucleotides 5V TGG GCG CGG AT
3V and 5VCCG GAT CCG CGC 3V to generate the deletion.
This intermediate plasmid pIC20R-tVP8-D9–15 was
digested with NdeI and EcoRI and the fragment with
deletion was inserted back into pVP8-YFP digested with
NdeI and EcoRI. Plasmid pVP8-YFP-D16–100, deleted in
codons 16–100, was constructed by digestion of pVP8-YFP
with AccIII and SgrAI followed by ligation after removal of
the small fragment. Plasmid pVP8-YFP-D100–185 was
similarly constructed by digestion of pVP8-YFP with SgrAI
and XmaI followed by ligation. Plasmids pVP8-YFP-D665–
742, pVP8-YFP-D419–544, pVP8-YFP-D590–644, and
pVP8-YFP-D644–665 were constructed as follows. The
EcoRI and XbaI fragment was cut from pVP8-YFP and
inserted into plasmid pBluescript KS+ (Stratagene, La Jolla,
CA). The resulting intermediate plasmid pBSKS-tVP8 was
digested with Tth111I and BamHI (for D665–742), MluI
and BsmBI (for D419–544), BsgBI and NheI (for D590–
644), and NheI and Tth111I (for D644–665), respectively.
These fragments were then ligated to annealed oligonucleo-
tides: 5VCTA GCG GAC GAC G 3Vand 5VGAT CCATGA
CG 3V (D665–742); 5VCGC GTC GAC GCC G 3V and 5V
ACT TCG GCG TCG A 3V (D419–544); 5V GTG CGC
GAG 3Vand 5VCTA GCT CGC GCAC 3V(D590–644); and
5VCTA GCG GAC GAC G 3Vand 5VCCG TCG TCC G 3V
(D644–665). The EcoRI and XbaI fragments with deletions
were cloned from the intermediate plasmids back into
pVP8-YFP digested with EcoRI and XbaI. The coding
sequence for VP8 was derived from pVP8-YFP and subcl-
oned into the eukaryotic expression vector pMASIA (Krieg
et al., 1998). The resulting plasmid was defined as pMA-
SIA-VP8. Similarly, VP8-D16–100 and VP8-D419–544
were subcloned from pVP8-YFP-D16–100 and pVP8-
YFP-D419–544 into pMASIA, and the resulting plasmids
were defined as pMASIA-VP8-D16–100 and pMASIA-
VP8-D419–544, respectively. To make pat4 (D51–54)
and pat7 (D48–54) NLS2 deletions, flanking sequences of
NLS2 were amplified separately by PCR using Deep Vent
DNA Polymerase (New England Biolabs Ltd) from pVP8-YFP using the following primers, 5VCAT CAA GTG TAT
CAT ATG CC 3V; 5V CTC CGC GGC CTC GGC GTC CG
3V; 5V GAC TTC CAG CGG CCC CCG GA 3V; 5V CCG
CCG ATC GAG AAT TCC GG 3V and 5VGGG CGC TCC
GCG GCC TCG GC 3V, and then the PCR products were
digested with NdeI and EcoRI and ligated with pVP8-YFP
digested with NdeI and EcoRI.
Plasmids expressing YFP-NLS and -NES fusions
A series of YFP-NLS constructs, expressing putative
NLS sequences of VP8 fused to the carboxyl terminus of
YFP, were made as follows. Plasmid NLS1+2+ contains
the first 100 codons of VP8 fused in-frame to the 3V end
of the YFP ORF and was constructed by ligating the 300-
bp BglII/SgrAI fragment of pVP8-YFP into pEYFP-C1
(Clontech) cut with BglII and XmaI. Plasmid NLS1+2+3+
contains the first 188 codons of VP8 fused in-frame to the
YFP ORF and was constructed by ligating the 564-bp
BglII and XmaI fragment of pVP8-YFP into pEYFP-C1
cut with BglII and XmaI. Plasmids NLS1, pat4 NLS2, pat7
NLS2 , NLS3 , NLS4 , NLS1+p a t 7NLS2 , a n d
pat7NLS2+NLS3 were constructed by ligating annealed
oligonucleotides into pEYFP-C1 (Clontech) cut with BglII
and EcoRI: 5V GATCT CGC CGC CCG CGC CGC TAG
3V and 5VAATTCTA GCG GCG CGG GCG GCG A 3V
(NLS1); 5VGATCT CGG CGC CCG CGG TAG 3V and 5V
AATTCTA CCG GCC GCG CCG A 3V (pat4 NLS2); 5V
GATCT CCG CGG GTC CGG CGC CCG CGG TAG 3V
and 5VAATTCTA CCG CGG GCG CCG GAC CCG CGG
A 3V (pat7 NLS2); 5V GATCT CCG GCA CAG CGC
GCG CGG CGG TAG 3V and 5V AATTCTA CCG CCG
CGC GCG CTG TGC CGG A 3V (NLS3); 5V GATCT
CCC CTG GCC GGC AAG CGG CGG TAG 3V and 5V
AATTCTA CCG CCG CTT GCC GGC CAG GGG A 3V
(NLS4); 5V GATCT CGC CGC CCG CGC CGC GAG
CGC CCG CGG GTC CGG CGC CCG CGG TAG 3V and
5VAATTC TAC CGC GGG CGC CGG ACC CGC GGG
CGC TCG CGG CGC GGG CGG CGA 3 V
(NLS1+pat7NLS2); 5V GATCT CCG CGG GTC CGG
CGC CCG CGG CCG GCA CAG CGC GCG CGG
CGG TAG 3V and 5V AATTCTA CCG CCG CGC GCG
CTG TGC CGG CCG CGG GCG CCG GAC CCG CGG
A 3V (pat7NLS2+NLS3). Plasmid NLS-N was constructed
by ligating annealed oligonucleotides into pEYFP-N1
(Clontech) cut with BglII and EcoRI (5V GATCT CGC
CCG CGG GTC CGG CGC CCG CGG 3V and 5V AATT
CCG CGG GCG CCG GAC CCG CGG GCG 3V).
In addition, a series of YFP-NES constructs, containing
various putative NES sequences of VP8 fused to the 3V end
of YFP, were made as follows. Plasmids pEYFP-NES1,
pEYFP-NES2, and pEYFP-NES3 were constructed by li-
gating annealed oligonucleotides into pEYFP-C1 (Clontech)
cut with BglII and EcoRI: 5VGATCT CTC TCG GCG TAC
CTG ACG CTG TTT GTA GCG CTC TAG 3V and 5V
AATTCTA GAG CGC TAC AAA CAG CGT CAG GTA
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GGG CTG ATC GCG CAG CGG CTG TAG 3V and 5V
AATTCTA CAG CCG CTG CGC GAT CAG CCC CAC
GCC CAG A 3V (NES2); and 5VGATCT CTA GCG GAC
GCG GCA CTG CCG CTG GTG CGC CCG GTG TCC
CTG TAG 3V and 5V AATTCTA CAG GGA CAC CGG
GCG CAC CAG CGG CAG TGC CGC GTC CGC TAG A
3V (NES3). Each recombinant plasmid was confirmed by
sequencing.
Transfection
To express VP8, YFP, and VP8-YFP in vitro, COS-7 cells
were plated onto six-well plates (Corning, Corning, NY) in
DMEM (Gibco-BRL) with 10% FBS at a density of 2.5 105
cells/well overnight before transfection. Transfection mix-
tures, consisting of 1.0–1.5 Ag of pMASIA-VP8, pEYFP-N1
or pVP8-YFP and Lipofectamine PlusTM Reagent (Gibco-
BRL) were prepared according to the manufacturer’s instruc-
tions. Briefly, the plasmids were diluted in Optimem (Gibco-
BRL) containing Lipofectamine Plus Reagent and incubated
for 15 min at room temperature. This mixture was further
incubated with Optimem containing Lipofectamine Reagent
for 15 min at room temperature. COS-7 cells were washed
with Optimem and the transfection mixture made up to 1 ml
with Optimem was added to the cells and incubated at 37 jC
in a humidified 5% CO2 incubator for 5 h, after which an
equal volume of DMEM containing 10% FBS was added.
COS-7 cells were transfected in the same manner with
plasmids encoding mutant proteins.
Western blot analysis
To confirm expression of VP8, YFP and VP8-YFP,
pMASIA-VP8-, pEYFP-N1-, and pVP8-YFP-transfected
COS-7 cells were collected in lysis buffer containing
NP40 and deoxycholine (0.05 M Tris, pH 8.0, 0.15 M
NaCl, 0.1% SDS, 1% Nonidet P-40, 1% deoxycholine) 24
h after transfection. To isolate cytoplasmic and nuclear
fractions, transfected COS-7 cells were lyzed with NP40
containing lysis buffer (10 mM Tris, pH 7.4; 10 mM NaCl;
5 mM MgCl2; 0.5% NP-40) to disrupt the cell membrane
and the cell lysate was centrifuged at 500  g for 5 min at
4 jC. The supernatant (cytoplasmic fraction) was removed
and the pellet (nuclear fraction) was resuspended in NP40
cell lysis buffer. Proteins were separated by sodium doce-
cylsulfate polyacrylamide gel electrophoresis (SDS-PAGE)
on an 8.5% gel, transferred to a nitrocellulose membrane
and probed with YFP-specific polyclonal rabbit antibody
(Clontech) and VP8-specific antibody 1G4-2F6 (van Dru-
nen Littel-van den Hurk et al., 1984). Alkaline phospha-
tase-conjugated goat anti-rabbit IgG and goat anti-mouse
IgG (Kirkegaard and Perry Laboratories, Gaithersburg,
MD) were used as secondary antibodies. Reactive bands
were revealed with nitro blue tetrazolium bromochlorin-
dodyl phosphate tablets (Sigma Co., Oakville, ON, Can-ada). Images were scanned and processed using Adobe
Photoshop.
Heterokaryon assays
To analyze the ability of VP8 to shuttle between the
nucleus and cytoplasm, interspecies heterokaryons of COS-
7 and mouse NIH 3T3 cells were formed as described
previously (Goodwin et al., 1999; Mears and Rice, 1998).
COS-7 cells seeded onto six-well plates in DMEM (Gibco-
BRL) with 10% FBS at a density of 2  105 cells/well
overnight were transiently transfected with 1.0–1.5 Ag of
plasmid. After 48 h, NIH 3T3 cells (6  105 cells/well) were
plated onto the COS-7 cells in medium containing 50 Ag of
cycloheximide per milliliter. Four hours later, the cells were
washed in PBS and fused by addition of 2 ml of 50%
polyethylene glycol 1300–1600 (wt/wt) (Sigma Co.) in
PBS. After 2 min, the cells were washed extensively in
PBS. After washing, the cells were returned to medium
containing 50 Ag cycloheximide per milliliter and incubated
in a humidified 5% CO2 incubator for another hour before
fixation.
Immunofluorescence microscopy
Cells were either observed live or fixed in 4% parafor-
maldehyde in phosphate-buffered saline (PBS; 0.137 M
NaCl, 0.003 M KCl, 0.008 M Na2HPO4, 0.001 M
NaH2PO4, pH 7.4) for 20 min, washed three times with
PBS, and permeabilized with 0.5% Triton X-100 in PBS for
10 min. The cells were rinsed with PBS and then incubated
with PBS containing 10% FBS for 20 min at room temper-
ature. Subsequently, VP8-specific monoclonal antibody
1G4-2F6 (van Drunen Littel-van den Hurk et al., 1984) or
YFP-specific polyclonal rabbit antibody (Clontech) diluted
in PBS containing 10% FBS was added to the cells, which
were again incubated for 20 min at room temperature.
Finally, FITC-conjugated goat anti-mouse or goat anti-rabbit
IgG (Zymed Laboratories, San Francisco, CA) in PBS
containing 10% FBS was added, followed by a 20-min
incubation at room temperature. After each incubation step,
cells were washed extensively with PBS. The cells were
mounted in Vectashield alone or Vectashield with 4V,6V-
diamidino-2-phenylindole (DAPI) (Vector Laboratories,
Burlingham, CA). Samples were analyzed using a Zeiss
Axiovert 200M microscope (Carl Zeiss Canada Ltd., Tor-
onto, ON). Images were processed using Adobe Photoshop.Acknowledgments
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